The rotational structure of 246 Fm has been investigated using in-beam γ -ray spectroscopic techniques. The experiment was performed using the JUROGAMII germanium detector array coupled to the gas-filled recoil ion transport unit (RITU) and the gamma recoil electron alpha tagging (GREAT) focal plane detection system. Nuclei of 246 Fm were produced using a 186 MeV beam of 40 Ar impinging on a 208 Pb target. The JUROGAMII array was fully instrumented with Tracking Numerical Treatment 2 Dubna (TNT2D) digital acquisition cards. The use of digital electronics and a rotating target allowed for unprecedented beam intensities of up to 71 particle-nanoamperes for prompt γ -ray spectroscopy at a level of approximately 11 nb. With all these major experimental advances a rotational band is observed in 246 Very heavy nuclei owe their existence to shell effects in a region of the nuclear chart where a gradual decrease of the fission barrier would not otherwise provide stability. Major shell effects are expected to generate an island of stability for super heavy elements (SHE) with more or less spherical configurations beyond the double shell closure of 208 Pb. While different theories do not agree on the precise location of this area, they all agree on its existence. Shell effects also play a major role in the structure of deformed SHE around Z = 108, N = 162 [1] . Deformation not only brings an increase in stability for these SHE, but also for nuclei situated in the vicinity of the nucleus 254 No (Z = 102, N = 152). This transfermium (Z > 100) region has been the subject of recent, extensive spectroscopic studies [2] . The combination of high-resolution silicon and germanium arrays with powerful recoil separators, for example JUROGAM and the recoil ion transport unit (RITU), Gamma Alpha Beta Recoil Invesigations with the ELectromagnetic Analyzer VASSILISSA (GABRIELA) or GAMMASPHERE and the Fragment Mass Analyzer (FMA), respectively, allows detailed spectroscopic studies to be performed [3] [4] [5] [6] [7] .
Shells closing the hypothesized spherical SHE gaps such as πf 5/2 and νh 11/2 [8] are sensitive to deformation destroying their degeneracy. The orbitals with low spin projections originating from these shells are therefore brought closer to the Fermi level in the very heavy elements region. These orbitals close deformed gaps that give rise to rotational band structures in these nuclei. At high spin or rotational frequency, sensitivity to the Coriolis antipairing effect of high-j orbitals (νj 15/2 or πi 13/2 ) [8] can give valuable information on the presence of single-particle orbitals around the Fermi level.
The nucleus 246 Fm is located toward the edge of the well-studied region close to 254 No and is expected to have a rotational band built on the 0 + ground state. However, the production cross section in the 208 Pb( 40 Ar, 2n) fusion-evaporation reaction is only around 10 nb [9] [10] [11] , a value previously too small for prompt, in-beam γ -ray spectroscopy experiments in this region of the nuclear chart. The only solution to perform these experiments with such low cross sections is to instrument the germanium detector arrays with digital electronics. The subsequent increase of sustainable counting rates allows the use of unprecedented beam intensities, which in turn necessitates the use of rotating targets. These improvements open the possibility of gathering information on the prompt deexcitation of previously inaccessible transfermium nuclei and broadens our knowledge of nuclear structure in this mass region [2] .
The experiment was performed at the Accelerator Laboratory of the University of Jyväskylä using the K130 cyclotron. 2 thick on the back. The back layer prevents the ejection of lead nuclei toward the focal plane. To avoid degradation of the target under irradiation, a 400 rpm rotating wheel system developed at the Institut Pluridisciplinaire Hubert Curien (IPHC) Strasbourg was needed. In order to study the prompt γ -ray transitions of the nuclei produced, the JUROGAMII array [13] , consisting of 24 clover and 10 tapered high-purity Compton-suppressed germanium detectors was employed. The array was placed around the target position of the gas-filled separator RITU [4] . In this geometry the JUROGAMII array had a photopeak efficiency of 5.6% at 1.33 MeV.
All the germanium detectors were instrumented with Tracking Numerical Treatment 2 Dubna (TNT2D) digital analog-to-digital conversion (ADC) cards [14, 15] . TNT2D flash ADCs digitize the germanium crystals preamplifier signals with a sampling rate of 100 MHz over a 14-bits dynamical range. The sampled data are then pipeline processed using the Jordanov algorithm [16] to generate a trapezoid shape with rise and fall times of 3 μs and a plateau length of 1.5 μs. The TNT2D cards were incorporated into the Total Data Readout acquisition system [17] with the time stamp being generated on a channel-by-channel basis with a constant-fraction discriminator algorithm. This reduces the dead time of the card to the pile-up resolution time; namely, the sum of the lengths of the rise and plateau of the trapezoid. The structure of the card allows the signals in each of the four channels to be processed independently.
The use of clover detectors from the EUROGAMII array [18] introduced a count-rate dependence in the baseline of the signal. This effect is due to the capacitive coupling between the germanium crystals and their preamplifier and may result in a rate-induced offset of the preamplifier signals toward, and even beyond, the limit of the dynamic range of the flash ADC. Since the gain of the ADC is set to optimize the energy resolution, this signal will saturate the ADC when the beam intensity, and therefore the counting rate in the germanium crystals, increases significantly.
In order to avoid saturation of the ADCs and the subsequent loss of information, an automatic adjustment of the offset value depending on the counting rate was implemented in the TNT2D cards.
The use of digital acquisition allowed the rate of events in the germanium detectors and associated electronics to increase without paralyzing the ADCs. For counting rates compatible with analog ADCs (10 kHz), the TNT2D cards improve the event collection efficiency by 36% [14] . The JUROGAMII array instrumented with TNT2D digital acquisition cards provided an energy resolution of 3.5 keV at 1.33 MeV and allowed counting rates as high as 40 kHz per crystal to be reached [14] . This gave access to a record maximum beam intensity of 71 pnA on target for prompt γ -ray spectroscopy.
Evaporation residues were discriminated from scattered beam and transfer products by the RITU gas-filled separator using the recoil decay tagging method [19, 20] . The selected recoiling nuclei passed through a multiwire proportional counter (MWPC) that recorded their position, time, and energy loss. The nuclei were then implanted in the gamma recoil electron alpha tagging (GREAT) focal plane detection system [5] . A time-of-flight (ToF) signal was generated by the coincidence of an implantation (start) and a MWPC delayed signal (stop) in order to select nuclei of interest.
The implantation detector consisted of two juxtaposed 60 × 40 mm 2 300-μm-thick double-sided silicon strip detectors (DSSD) with a strip pitch of 1 mm.
Two amplification ranges were used for the two faces of the implantation DSSD in order to record decays of the implanted nuclei. Recoiling nuclei and their characteristic α decays were measured in the vertical strips of the DSSD (frontside, up to 90 MeV) and possible low-energy conversion electron events in the horizontal strips (backside, up to 2 MeV).
The energy calibration for the frontside of the DSSD was performed using the implantation of nuclei produced by fusion-evaporation reactions with 40 Ar impinging on 180 Hf. The strips were calibrated using the α-particle energies of 207 Rn (6251 ± 16 keV, 9.3 min) [21] , 211 Fr (6660 ± 5 keV, 3.1 min) [21] , 212 Ra (7031 ± 17 keV, 13 s), [21] and 215 Ac (7744 ± 4 keV, 0.17 s) [21] observed from the decay of nuclei produced by these reactions.
The data were analyzed using the dedicated software GRAIN [22] .
Recoiling nuclei were discriminated from decay events by requiring that the event registered in the DSSD be accompanied by a nonzero ToF signal. The correlation between implanted nuclei and their decay was made within a 6-second time window corresponding to four times the previously measured half-life of 246 Fm (T 1/2 = 1.54 s [23] ). The nuclei of 246 Fm were identified using the measured α-particle energy and half-life.
These measurements gave an alpha-decay energy of (8244 ± 7) keV and a half-life of (1.6 ± 0.2) s, consistent with the previous measurements from [23] (see Fig. 1 ). The decay time was obtained using the fit method described in [24] as shown in Fig. 1 . The fit over a time extended up to 12 min showed neither random correlations nor the presence of a second decay channel. Therefore, the data confirm the production of 246 Fm nuclei in this experiment and provide an unambiguous identification for the observed decay particles.
Decay events with energies in the range 8195 to 8295 keV (gray area in Fig. 1 ) were selected and yielded 276 recoil-α pairs unambiguously identified as 246 Fm. The fusionevaporation cross-section for this reaction is measured to be 11 ± 2 nb for 246 Fm considering an average beam intensity of 40 pnA over the experiment, 35% of transmission through RITU, and an α-particle detection efficiency of 55%.
A total of 290 γ rays were associated with the nuclei selected using this method. The corresponding 246 Fm α-tagged γ -ray spectrum is shown in Fig. 2 . Although the statistics in this spectrum is rather scarce, the selection technique reduces the background to a level that enables the unambiguous assignment of these γ rays to 246 Fm. The selection of nuclei correlated with an alpha particle within the (8195 to 8295 keV) energy range was used to identify the position of 246 Fm nuclei in a matrix of implantation energy in the DSSD versus the ToF. This region was software selected and used as a wider selection for 246 Fm events, including those whose α decay escaped the DSSD, as well as the implanted nuclei that decayed through spontaneous fission.
This selection yields higher statistics, as shown in Fig. 3 (72 ± 1 keV), and K β1 (85 ± 1 keV). The second group presents peaks identified as the x-rays of fermium K α1 (121 ± 1 keV) and K α2 (116 ± 1 keV). The other prominent measured transitions are regularly spaced, strongly suggesting the presence of a rotational band in 246 Fm. This observation is consistent with the systematics of even-even nuclei in this mass region and more specifically with isotopes 248 Fm and 250 Fm [2, 25, 26] . The following discussion is made under this hypothesis.
Using the measured γ -ray energies (see Table I ) and assuming a rotational structure based on the ground state of 246 Fm the values of the dynamic moment of inertia (2) for the rotational band [ The result is compared to the systematics of the even-even fermium isotopes in Fig. 4 . The variation of the dynamic moment of inertia shows a steady increase with rotational frequency. This behavior is due to the progressive disappearance of the pairing correlations in 246 Fm. This trend is similar to that observed in other known even-even fermium isotopes [2, 25, 26] . The Coriolis antipairing effect progressively aligning the angular momentum of high-j orbitals onto the rotation axis with increasing frequency is responsible for this upbend.
The measured transitions energies can be plotted against the spin of the parent state and fit using a two-parameter expression [27, 28] :
In order to assign the spins we fit the data with Eq. (1) for even spin values between 2 and 10 and test the hypothesis against the χ 2 value of this fit as described in [29] . The best convergent χ 2 is obtained for the fit with the (167 ± 1) keV transition assigned at 6 + → 4 + and gives the following values of the parameters: a = 10145 ± 346 keV and b = 1.54 (5) × 10 −3 . Therefore, we assign the observed transitions with initial spins from 16 + to 6 + . One can see in Fig. 5 that the spin assignment is consistent with the systematics of even fermium isotopes. An alternative spin assignment method, based on the Harris parametrization of the dynamical momentum of inertia [30] gives identical results.
The two lowest states of the rotational band are not observed with the γ -ray spectrometer due to the strong competition from internal conversion in these heavy nuclei. It is, however, possible to extrapolate the energies of these transitions using the fit procedure previously described. Using Eq. (1), we can obtain the energies of the 2 + and 4 + excited states. The calculated energies are given within brackets in Table I and displayed in the level scheme of the rotational band of 246 Fm in Fig. 5 .
The level scheme extracted from the spectroscopic data exhibits a similar behavior to other even-even isotopes of nuclei in the same mass region [2] . The intensities of the transitions relative to the first observed 167 keV γ ray have been calculated using the detection efficiency of the JUROGAMII array and the conversion coefficients [31] for this nucleus. These values are presented in Table I .
The highest spin that we observe in the hypothesis of a rotational band is 16, while they are 18 for 248 Fm [26] and 22 for 250 Fm [25] . This can be due to the detection efficiency of the germanium array decreasing with energy, combined with the low statistics. It can also be affected by the mechanism of the capture reaction. This second hypothesis is discussed in the following paragraph.
It is interesting to calculate the expected spin distribution at the capture stage of the present reaction and to compare it with our observations. The beam energy corresponding to a centerof-mass energy of 156 MeV is equivalent to an excitation energy E * = 27.3 MeV. Taking into account the energy loss through the target, this covers the peak in the measured 2n excitation function at around 24-27 MeV [23] . These energies are around 6-9 MeV below the Bass interaction barrier B Bass = 161.9 MeV [32] . One might, therefore, expect the capture cross section to be very small here. However, the effects of coupling to excited states of the target and projectile can give rise to a distribution of Coulomb barriers with, in particular, some barrier "weight" at lower energies. With no coupling, the peak in the distribution of angular momenta occurs for L ≈ 8h, with a partial cross section of σ L ≈ 10 μb [33] . Coupled-channels calculations using the program CCFULL [33] were performed accounting for double-quadrupole (E * Fig. 6(b) and the barrier distribution D = dT 0 /dE is shown in 6(c). We now see that the lowest barrier occurs at about 154.7 MeV, now below our incident energy. The corresponding spin distribution is shown in Fig. 6 (a) and is seen to peak at L = 27h, well above our maximum observed spin. However, the cross section is not a maximum at this energy, and our incident energy was chosen to correspond to the peak in the 246 Fm production cross section at the center of the target after energy losses. The spin distribution at this energy (≈25.3 MeV) is also shown in Fig. 6(a) and now has its maximum (18h) much closer to our observed value. Further energy losses at the back of the target give rise to the spin distribution at that energy, peaking at L = 10h. These considerations are, therefore, consistent with our observations. The strong sensitivity of the spin distribution seen here as a function of energy loss is due to the fact that the relevant evaporation-residue cross section peaks close to the lowest-coupled Coulomb barrier. This fact makes such measurements extremely interesting from a reaction-dynamics point of view in addition to the interest in the structure of the residues themselves. Although the spin distributions are consistent with our measurements, one should note that the capture cross section is at least three orders of magnitude larger than the 2n-evaporation residue cross section. Indeed, the above calculations do not account either for quasifission (reseparation into two fragments before the formation of the compound nucleus) or for the fission of the compound nucleus itself, which competes very strongly with evaporation for such high-Z nuclei.
Several γ -ray transitions have been measured in the prompt decay of 246 Fm. Comparison with the systematics of even-even nuclei in mass region of fermium and the study of momenta of inertia strongly suggest the assignment of these transitions to the ground-state-based rotational band up to a spin of 16h. The transition energies of the low-lying states have been extrapolated from the dynamic momentum of inertia. The level scheme of 246 Fm is now established for the ground-state band. Comparison with other known even fermium isotopes shows a coherent behavior along the isotopic line and decreasing deformation when moving away from neutron number N = 152.
The calculations of the spin distribution are in good agreement with the observed transitions and their spin assignments. However, it should be noted that these results neither take into account quasifission or fission. Further studies of the reaction mechanism would be needed to complete the conclusions on the production and spin distribution of 246 Fm. This experiment was performed at a cross section of 11 ± 2 nb using digital electronics for the germanium detectors placed at the target position. We have shown through this experiment that digital electronics and rotating target systems allow beam intensities up to 71 pnA for in-beam γ -ray spectroscopy. The path to very heavy nuclei with cross section in the 10 nb region and below is therefore now open for in-beam spectroscopy.
